Abstract For the 15 lanthanide atoms 57 La through 71 Lu, we report Sapporo-DK-nZP sets (n = D, T, Q), which are natural extensions of the Sapporo-(DK)-nZP sets for lighter atoms and efficiently incorporate the correlation among electrons in the N through P shells as well as the relativistic effect. The present sets well describe the correlation among the 4s and 4p electrons, which are important in the excitation of 4f electrons. Atomic test calculations of 57 La, 58 Ce, 59 Pr, and 60 Nd at configuration interaction with the Davidson correction level of theory confirm high performance of the present basis sets. Molecular test calculations are carried out for 57 LaF and 70 YbF diatomics at the coupled-cluster level of theory. The calculated spectroscopic constants approach smoothly to the experimental values as the quality of the basis set increases.
Introduction
In order to obtain reliable theoretical results for molecules containing lanthanide atoms, both the relativistic and electronic correlation contributions must be considered based on high-quality all-electron basis sets. In the present paper, we construct relativistic DZP, TZP, and QZP contracted (C) Gaussian-type function (GTF) basis sets for the 15 lanthanide atoms 57 La through 71 Lu as a member of the Sapporo-DK-nZP sets [1] for atoms, where the relativistic effects are considered through the third order of DouglasKroll-Hess approximation (DK3) [2, 3] and the correlations are considered not only for valence electrons but also for core electrons of the second outermost s and p subshells in the s-and d-block elements, and of the second outermost s, p, and d subshells in the p-block elements. These basis sets show high performance and effectiveness, which stem from the adoption of the segmented contraction scheme. For the lanthanide atoms, we will consider the correlation effects among the 4s-4f, 5s-5d, and 6s subshells. The 4s-4f, 5s, and 5p electrons mutually correlate in a nontrivial manner. Actually, the influence of the 4s and 4p subshells is important in the excitations of the 4f electrons [4] . However, all-electron basis sets available in the literature, such as four-component basis sets by Gomes et al. [5] and ANO basis sets by Roos et al. [6] , do not consider these effects. Previously, we constructed [7] relativistic correlating functions for the lanthanide elements as members of NOSeC-DK-nZP (n = D, T, Q) [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] , in which we considered the correlation effects among the 4f, 5s-5d, and 6s electrons, but not the 4s-4d electrons. In this work, we decided to generate new basis sets combining all the core, valence, and correlating functions, where the correlation effects from the 4s-4d subshells are also incorporated.
In Sect. 2, we describe our computational procedures in the generation of new basis sets. Atomic tests for 57 La through 71 Lu and molecular applications to 57 LaF and 70 YbF are given in Sects. 3 and 4, respectively. The following symbols are used throughout this paper: [ ] for CGTFs, ( ) for primitive Gaussians, { } for contraction patterns of CGTFs where powers imply repetition of the same size.
2 Construction of Sapporo-DK-nZP sets 2.1 Minimal-type self-consistent field (SCF) basis sets First, we construct minimal-type segmented CGTF sets for the ground states of the lanthanide atoms 57 La through 71 Lu, with scalar relativistic effects included through DK3 Hamiltonian [3] using a Gaussian nucleus model [19] . For the optimization of the contraction coefficients and exponents, we used the conjugate direction algorithms [20] following the previous works of Koga et al. [21] [22] [23] . In the determination of relativistic CGTF sets, we tested several patterns of contractions, checking the total energy error and the basis set size for practical applications. We finally adopted (943333/8433/74) for 57 La with vacant 4f (943333/8433/743/7) for 58 Ce, 64 Gd, and 71 Lu with occupied 5d, and (943333/8433/74/7) for the rest of lanthanide atoms. In Table 1 , we list the DK3 SCF energies, and their errors from the B-spline DK3 Hartree-Fock energies [24] . The error ranges from 0.140 to 0.296 hartree, which is comparable to that of 0.257 hartree in the Xe atom [25] .
We note that the CGTF sets thus constructed can be safely used in molecular calculations with different relativistic models such as DK3 with a point charge nucleus, as are the Sapporo-DK-nZP sets for lighter atoms [25] . All atomic calculations were carried out using the ATOMCI program package [26] .
Determination of standard accurate sets
In the determination of segmented CGTF sets, we need accurate standard sets from which the deviation of our CGTF sets is minimized. We first explain the size of the accurate standard sets. We construct DZP, TZP, and QZP sets, following the definition of the correlation-consistent type of basis set for the basis set size of each subshell. For example, the sizes of DZP, TZP, and QZP sets of 58 In the construction of the standard sets, we used the minimal-type SCF basis set constructed in Sect. 2.1 augmented by (13s12p12d10f8g7h5i) primitives, which are the valence part of well-tempered primitive sets by Huzinaga et al. [27] extended for the g, h, and i azimuthal quantum numbers. We carried out two separate configuration interaction (CI) calculations for core and valence electrons, in which the N shell electrons were considered in a core CI calculation, and the O and P shell electrons were in a valence CI calculation. In these calculations, relativistic effects are considered through the DK3 Hamiltonian with a Gaussian nucleus model. Then we constructed accurate standard DZP, TZP, and QZP sets by selecting the important natural orbitals (NOs) from the resultant inner and valence NO sets.
Optimization of the segmented Sapporo-nZP sets
The segmented Sapporo-nZP (n = D, T, Q) sets are constructed so as to minimize the deviations from the accurate standard nZP sets. The procedure is summarized as follows: The values in parentheses show errors relative to the B-spline SCF energies [24] 1. For the occupied core orbitals, 1s-3s, 2p, 3p, and 3d, we used the minimal-type SCF basis set described in Sect. Lu) for QZP. In the procedure 1, we added the 5d SCF orbital of the excited state to describe wave functions for the excited states if the 5d subshell is unoccupied in the ground state. Although we did not explicitly consider a 6p-like orbital, it is represented by p correlating functions for the 6s electrons. In the optimization of the contraction coefficients and orbital exponents, we used the conjugate directions algorithm [20] as before [1] . In Table 2 , we show the sum of core and valence correlation energies together with its reproduction rate relative to the corresponding sum by the accurate standard sets. The present CGTF sets give high reproduction rates that are 92-97 % in DZP, 95-98 % in TZP, and 98-99 % in QZP.
Atomic tests
To test the quality of the present sets, we performed configuration interaction plus quadruple correction by Davidson (CI ? Q) [28] calculations on the ground and low-lying excited states of the 57 La, 58 Ce, 59 Pr, and 60 Nd, where the electron correlations were considered in the N, O, and P shells and the relativistic effects were taken into account through the DK3 approximation with a Gaussian nucleus. In order to examine the correlation contribution of N shell electrons, we carried out three types of CI calculations, in which (1) only the 4f electrons are correlated, (2) the 4d and 4f electrons are correlated, and (3) all the electrons in the N shell are correlated. Hereafter, these three different core correlation schemes are referred to as C-1, C-2, and C-3.
The resultant excitation energies are summarized in Table 3 along with the corresponding experimental values [29] , where the experimental values are averaged over the total angular momentum quantum number J. 58 Ce, the number of electrons in the 4f subshell increases. The correlation energy of the 4f electron is larger in magnitude than the 5d electron so that the calculated excitation energy tends to be overestimated. Actually, the excitation energy of 57 La at the SCF level is larger than the experimental value by about 0.8-0.9 eV. Inclusion of electronic correlation effects decreases the excitation energy smoothly as the basis set quality is improved and the number of correlated N shell electron increases. At the C-3 level calculation with QZP, we reach a good agreement with the experiment, where the deviations from the experimental values are only 0.1-0.2 eV for these transitions. In the other transitions except for the last case in 60 Nd, on the other hand, the number of the 4f electrons decreases through the excitation. In this case, the calculated excitation energy tends to be underestimated, and it approaches to the experimental value from below as the quality of the calculation is increased. We obtained excellent excitation energies at the C-3 level with the QZP set: The deviations from the experiments are less than 0.1 eV. We note that in these transitions, the correlation contributions of the N shell electrons including the 4s and 4p electrons are very important. Moreover, a high-quality basis set such as TZP or QZP is also needed to account for these transition energies. 60 Nd where the electronic configuration is unchanged, the correlation contribution of N shell electrons is rather small.
For comparison, we performed the C-3 calculations on 59 Pr and 60 Nd using the DZP, TZP, and QZP sets constructed from the spin-free relativistic SCF basis set and correlating functions of Gomes et al. [5] following their prescription. The resultant excitation energies show that their basis sets are clearly inferior to the present sets in DZP, and nearly equivalent with the present sets in TZP and QZP. In Table 4 , we compare the integral generation time. Since the ATOMCI is not oriented to the integral generation of generally contracted basis sets, we used the Molpro program system [30] , which performs the integral generation efficiently by calculating unique integrals over primitives once and then applying the contraction through matrix operation. The sizes of their basis sets are slightly larger than ours, but their CPU time in the integral generation is considerably longer than ours. This is because their basis sets use the general contraction scheme in the occupied orbitals like the correlation-consistent basis sets. The advantage of the present set over the Gomes et al.'s set on the compactness and flexibility are clear and stems from the contraction patterns. In the present basis set, the valence, correlating, and even core orbitals, except deep core such as 1s and 2s, are represented in terms of several primitives and a few very short CGTFs.
Molecular applications
In order to test the quality of the present basis sets in molecular calculations, we performed SCF and coupledcluster singles and doubles with non-iterative triples correction (CCSD(T)) calculations with the Sapporo-DK-nZP sets on the 57 LaF and 70 YbF molecules, in which the relativistic effects were considered in the DK3 approximation with the point charge nucleus model, and the electronic correlations were included for the N, O, and P shell electrons of 57 La and 70 Yb, and the L shell electrons of F. We used the Sapporo-nZP sets augmented by diffuse s, p, and d functions for the F atom. All molecular calculations were performed using the MOLPRO 2010 program system [30] .
LaF
The calculated spectroscopic data for the ground state and two excited states of 57 LaF are shown in Table 5 and ] ). The two triplet excited states, D and P, arise from the same one electron excitation from the 6s to 5d orbital. The calculated spectroscopic data are improved smoothly as the quality of the basis increases, and we reach satisfactory agreements with the experimental data at the QZP set, where the deviations from the experimental data are less than 0.01 Å and 4 cm -1 for the bond length r e and the vibrational frequency x e , respectively. For the ground 1 R
? state, we also calculated the dissociation energy D e , which shows the similar tendency with r e and x e , and agrees with the experimental data within 0.1 eV. These agreements are almost the same as those of Cao et al. [31] and much better than those of the other works [4, 32] . Although the excitation energies T e approach to the experimental values, we still have small deviations of 0.05-0.06 eV at the QZP set which are slightly larger than Fahs's deviations [32] . For both states, the correlation effects of the 4s-4d electrons are not so large, because both states arise from the 6s ? 5d excitation, and the 4f electron does not participate in the excitation process.
YbF
In Table 6 , we show the calculated spectroscopic data for the ground state of 70 YbF together with other theoretical results and experimental data for comparison. For the bond length r e and the dissociation energy D e , the dependence on the quality of the basis sets and on the size of the correlated core is rather small, where the deviations from the experimental values are less than 0.03 Å for r e and 0.5 eV for D e . We have a reasonable agreement with the experimental value at the QZP set with the C-3 core correlation, in which the deviation is 0.013 Å and 0.4 eV for r e and D e , respectively. For the vibrational frequency x e , we observe a convergence to the experimental value when the quality of the basis set increases. At the QZP set with the C-3 core correlation, we reach a satisfactory agreement with the deviation of 2 cm -1 . This agreement seems to be better than those of the other works [5, 31, 33, 34] . The size of correlated core does not show apparent influence on x e when the TZP and QZP basis sets are used. We see the similar basis set dependence in the results by Gomes et al. [5] , who did SCF-CCSD(T) with four-component relativistic calculations using all-electron basis sets. They pointed out the existence of a perturbing state near the minimum, which may cause the change of spectroscopic data. Actually, we also found a large T1 diagnostic value, which is defined as the norm of the singles amplitude vector divided by the square root of the number of electrons, in the vicinity of CCSD(T) potential curves. Thus, if the perturbing state is explicitly considered, the present spectroscopic data may be changed slightly.
Summary
We developed all-electron relativistic segmented-type basis sets for the 15 lanthanide atoms 57 La through 71 Lu as a member of Sapporo-DK-nZP sets (n = D, T, Q), which efficiently incorporate the correlation among electrons in the valence and core shells as well as the relativistic effect. For the lanthanide atoms, we considered the correlation among the N, O, and P shell electrons. The new basis sets give more than 90 % of the N, O, and P shell correlation energies produced by the accurate NOs of the standard size.
In the test calculations on the 57 La, 58 Ce, 59 Pr, and 60 Nd atoms, we showed the correlation effects from N shell including the 4s and 4p electrons are important to obtain reliable excitation energies when the 4f subshell participates the excitation. The calculated excitation energies approach smoothly to the experimental value as the number of correlated N shell electrons increases and the quality of the basis sets is improved. When all electrons in the N shell are correlated with the QZP set, the deviations from the experiment are less than 0.2 eV.
Molecular test calculations were performed for 57 LaF and 70 YbF diatomics at the CCSD(T) level. For two excited states of 57 LaF, the correlation effects of the N shell electrons are not so large, because these states arise from the 6s ? 5d excitation and the 4f electron does not participate in the excitation process. The calculated spectroscopic constants for the two molecules are improved smoothly as the quality of the basis increases, and we reach satisfactory agreements with the experimental data at the QZP set, where the deviations from the experimental values are less than 0.013 Å and 4 cm -1 for r e and x e , respectively. All the basis sets developed in this work are available at the web site http://setani.sci.hokudai.ac. jp/sapporo/, where these basis sets are provided in appropriately formatted forms for popular electronic program packages such as Gaussian, Gamess, Molpro, Molcas, Turbomole, Dirac, Nwchem, and Alchemy2. The Sapporo-(DK)-nZP sets have been implemented in the Gamess program packages and can be used by a simple key word in input data.
